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Photonic crystal nanolasers have a drawback of weak vertical emission, which degrades the detection efficiency from above. We show that the vertical emission is enhanced greatly by introducing asymmetry to the cavity, so that Fourier components around the Brillouin zone boundary are shifted to the zone center. When the light output is collected from above by an objective lens with a numerical aperture of 0.42, the efficiency for the optimized devices, with and without nanoslot, are calculated to be 26 and 153 times that of the original structure. We confirm the experimental and calculated results to be in good agreement. Photonic crystal (PC) slab nanolasers are operated easily by photo-pumping, with a low threshold of microwattorder. [1] [2] [3] [4] [5] In particular, the H0-type PC nanolaser consisting of airhole shifts (upper panel of Fig. 1(a) ) exhibits a wellconfined laser mode, which allows spontaneous emission control 1 and high-density photonic integration. 6, 7 Recently, we have also reported that H0 nanolasers with a nanoslot (NS) 8 act as simple and high-performance bio-sensors. 9 However, H0 nanolasers have a drawback of weak laser emission in the vertical direction, because of the antisymmetric modal electric field. This severely degrades the detection efficiency from above. The systematic optimization of other types of passive cavities and laser, such as hexapole, L3 and L5-type structures, has been discussed to enhance the vertical radiation while maintaining a high Q. [10] [11] [12] This issue is more important for the H0 nanolaser, because of the antisymmetric electric field. In this paper, we theoretically and experimentally discuss asymmetric structures, which break the anti-symmetry and significantly enhance the vertical radiation.
The upper panel of Fig. 1 shows nanolasers fabricated on 180-nm-thick GaInAsP quantum-well slab, where the lattice constant a ¼ 500 nm, basic airhole diameter 2r ¼ 260 nm, and airhole shifts s x ¼ 80 or 120 nm and s y ¼ 80 nm. The lower panel of Fig. 1 shows the far field pattern (FFP) of laser light calculated for similar models by using three-dimensional finite-difference time-domain method. The inner thick white circle represents angles of 624.8 from perpendicular to the slab. This angle is equivalent to a numerical aperture (NA) of 0.42, which corresponds to the 50 Â objective lens-a reasonably highmagnification lens for a wide range of applications including bio-sensing and actually used in our experiment. Since most FFP components split into large oblique angles, collectable components by this NA are very small. Figure 2 shows calculated electric field distributions E x and E y for the original structure, and Fig. 3 (a) shows their spatial Fourier transform. As observed in Fig. 2 , both fields are anti-symmetric in the x and y directions. This cancels the FFP in the vertical direction and orients the FFP to oblique directions. A similar situation occurs even in the presence of the NS. Although the electric field is localized strongly inside the NS, its antisymmetry and the split FFP remain.
As indicated by the dotted line in Fig. 2 , the electric fields exhibit the two-fold periodicity of the airholes. These result in the Fourier components concentrated around the Brillouin zone boundary, as observed in Fig. 3(a) . If the structure is modified with the same period as the electric field, the symmetry of the structure and anti-symmetry of the electric field are broken, and the Fourier components are folded by the half-sized Brillouin zone of the super-cell. 10, 11 Therefore, the boundary components are shifted to the center, as observed in Fig. 3(b) . As example structures, we consider reducing the airhole diameter inside the dotted line in Fig. 2 . This modification should be done over the widest possible cavity area, but the vertical radiation increases Author to whom correspondence should be addressed. Electronic mail: narimatsu-michimasa-ft@ynu.ac.jp.
significantly even when only a small number of airholes around the cavity center are modified. Figures 4(a) and 4(b) show devices without and with the NS, respectively, where both devices have been modified along the E y field. Compared with the original devices, FFP components are well concentrated in the thick white circle. In particular, the NS device exhibits simultaneously a small modal volume and a narrow FFP. Figure 4 (c) shows the device without the NS, modified along the E x field, but the modification is limited to the shift of three airholes. The device in Fig. 4(d) has other airhole shifts in addition to (c), where the shifts are optimized to reduce the oblique FFP components. To do this, first, the origin of the oblique FFP components of (c) is identified, by Fourier-transforming the modal field distribution, and then inverse transforming only the oblique components. The air-holes at these locations are then shifted to minimize the oblique components. Compared with (a) and (b), the concentration of the FFP inside the thick white circle is weak. It is worth noting, however, that the FFP is more concentrated than the original one in Fig. 2(a) , and surprisingly, so is the modal electric field. This unexpected behavior may be due to the mode being slightly relaxed near the shifted airholes, by the break of anti-symmetry, resulting in the reduction of excess divergence of the mode. This will be an important advantage for high-density integration of devices.
The characteristics of the detection efficiency versus the amount of structural change are calculated, as shown by the solid line in Fig. 5 . Here, the detection efficiency is defined as the ratio of lens-coupled components (inside the white circle) to all the FFP components. Figure 5(a) shows the detection efficiency in devices modified along the E y field. Without the NS, the efficiency increases rapidly when the change of the airhole diameter Dr ¼ 10 nm, but is almost saturated at Dr ! 20. At Dr ¼ 40 nm, a maximum efficiency of 90% is achieved (153 times larger than that of the original device). With the NS, the increase is more gradual, but the efficiency reaches a maximum of 84% (26 times) at Dr ¼ 40 nm. The solid line in Fig. 5(b) shows the calculated result for structures of Figs. 4(c) and 4(d). The efficiency increases gradually and reaches a maximum of 44% (52 times) and 55% (66 times), respectively, at a shift amount s ¼ 40 nm.
We fabricated devices on 1.55-lm GaInAsP quantumwell wafer by using e-beam lithography, hydrogen iodide Fig. 4(a) .
inductively coupled plasma reactive ion etching, and HCl wet etching. 2 The device images are as shown in Figs. 1 and 4. In the photo-pumped measurement, 0.98-lm pulsed laser light was irradiated on the device through 50 Â objective lens with NA ¼ 0.42, and laser emission from the device was collected through the same lens, coupled to an optical fiber and measured with an optical spectrum analyzer. Circular plots and error bars in Fig. 5 represent the relative intensities of spectral peaks measured over many device samples. Before going into details, we note that all the samples exhibit laser operation. This suggests that Q factors of the modified structures in these parameter ranges are sufficiently high for lasing. In addition, the spectral linewidth of the laser emission behaves as those described in Ref. 2 ; it is broadened to 0.5-1 nm in the case without the NS due to the thermal chirping, while it narrowed to 0.018-0.026 nm in the case with the NS due to athermal effects. It is observed in Fig. 5(a) that measured plots without the NS (red) are in good agreement with calculations. The detection intensity was improved by up to 160 times. With the NS (blue), the relative intensity increased for Dr 20 nm with up to 17 times improvement. At larger Dr (Dr > 20 nm), however, the improvement factor decreased, which may be due to fabrication errors in the NS. Since the electric field is strongly localized inside the NS, slight fabrication errors induce large change in the electric field and detection efficiency. At the same time, the laser performance is also affected-the laser threshold increases when the cavity Q becomes less than 2000, resulting in a lower intensity. 2 In Fig. 5(b) , measured plots for both structures increase similarly for s 10 nm. For s > 10 nm, the structure of Fig. 4(d) exhibits higher intensities, which also agrees with calculation. The maximum improvements are 61 and 31 times, respectively.
In conclusion, we studied PC nanolasers with asymmetric structural modifications, which significantly enhance the vertical radiation. Through calculations and experiments, we confirmed the large enhancement of the detectable laser emission. The maximum enhancements in the experiment were 17 and 160 times, with and without the NS, respectively. This enhancement will greatly improve not only the bio-sensing experiments we mentioned earlier but also other applications of nanolasers such as singlephoton emission. 
